This chapter studies three strategies giving rise to color categories and descriptions for them: a strategy for basic hue terms ("yellow", "blue", "green", etc.), for brightness terms ("shiny", "dull", etc.) and for graded membership terms (as in: "very blue" or "slightly blue"). For each strategy, experiments are performed for the reconstruction, acquisition and formation of a language system. The paper then turns to an investigation of the selectionist dynamics at the level of strategies, modelling the competition between a brightness-based and hue-based color system and achieving a shift from brightness to hue as attested in the historical record.
Introduction
Most of the research in color language has focused on the use of basic color terms, which are terms that are non-compositional and name primarily hue distinctions (like for example "red"; Berlin & Kay, 1969) . But clearly, languages are not limited to this strategy alone. Unconstrained naming experiments have revealed that cross-linguistically only a small minority (15% at most) of color samples would be described using a basic color term (Simpson & Tarrant, 1991; Lin et al., 2001) . Alternative strategies and their distribution for different languages are shown in Table  1 (from Lin et al., 2001) . Some languages even never use basic color terms as such. In the Northern-Mexico indigenous language Tarahumara, for example, language users always need to mark the degree of membership of a particular color sample to a color category (Burgress et al., 1983 Table 1 . Results of an unconstrained color naming experiment for British and Chinese broken down by the underlying language strategy used (after Lin et al., 2001) . Only a small minority was described using a single color term (basic), whereas others were named using a more elaborate description.
It is also well known that color language systems are not static. The word "orange" only appeared in English in the 16th century when the fruit orange became widely available. And secondary color terms (such as "violet") only started to expand rapidly from the Modern English period (c. 1700-; Casson, 1997) . In Old English (c. 600-1150), most color terms (including words like "blue" or "yellow") had a predominantly brightness rather than a hue sense, and this shifted only in the Middle English period (c. 1150-1500; Casson, 1997) . A similar shift has often happened or is now happening in many languages MacLaury (1992) , and combinations of brightness terms and hue terms (as in "dark blue") now account for a much larger percentage of color language than basic color terms (see table 1). It shows that there is not only evolution in how a strategy is instantiated (in other words which words and categories are conventionalized) but also which strategies a language community employs. Moreover the examples of word use shift (e.g. "yellow" first meaning 'shiny' and then 'yellow hue') show that the same linguistic elements (e.g. the same word) may be used by different strategies leading to a kind of competition and mutual influence across strategies.
In this chapter we address the two main hypotheses that are explored in this book (Steels, 2012) : lem in their language, then a shared language system will arise through selforganization and linguistic selection.
2. New strategies arise by the recruitment of cognitive functions to handle specific subproblems in communication (Steels, 2007) . Strategies compete and cooperate in the population and become shared through linguistic selection, again based on maximizing communicative success and minimizing cognitive effort.
The first hypothesis is examined in section 3 which proposes computational models of specific language strategies related to color and shows how linguistic selection and self-organization lead to the emergence of a color language system. The second hypothesis is examined in section 4 which models the competition between different strategies (in particular the brightness and the hue-based strategies). Before discussing the experimental results, the evolutionary language game used in these studies is defined.
The Color Naming Game
All strategies that are discussed in this chapter focus on the same communicative function: the speaker wants to draw the attention of the hearer to one of the objects in a shared context by describing its color. This function is captured in the Color Naming Game (Steels & Belpaeme, 2005) , which is similar to the Naming Game (Steels & Loetzsch, 2012) but with the distinction that the agents are restricted to categorize and describe only the color of objects in their shared context. In the non-grounded variant of this game, the contexts consists of perceptual data of color chips that are selected from a larger set of color chips, such as the Munsell chip set (Newhall et al., 1942) which is commonly used in anthropological research. In the Grounded Color Naming Game (Bleys et al., 2009) , agents are embodied in robots and perceive the world around them through their vision systems (Spranger et al., 2011) .
The scenario of a Color Naming Game goes as follows. Two agents are selected randomly from the population. One is assigned the role of being the speaker, the other agent will be the hearer. Both agents are put in a shared context consisting of colorful objects. Figure 1 . Two robotic agents engaging in a Grounded Color Naming Game. The speaker (left agent) wants to draw the attention of the hearer (right agent) to one of the color patches in a shared context. The speaker generates a description of its color. The hearer points to the patch that is most similar to this description. If this patch is the same as the one intended by the speaker, the game is a success. Otherwise it is a failure and the speaker points to the color patch originally chosen.
2. The speaker generates a description for the color of that object using one of his language strategies and transmits its to the hearer.
3. The hearer interprets the description and points to the object in the context of which the color is most similar to the description.
4. The speaker checks whether the hearer selected the same object as the one he had originally chosen. If they are the same, the game is a success, otherwise a failure.
5. The speaker signals the outcome of the game to the hearer.
Language Strategies for Color
This section now studies three example strategies for color. One based (predominantly) on hue, a second one based on brightness only, and a third strategy based on graded membership. In each case we perform three kinds of experiments addressing progressively more difficult questions:
1. How can an existing language system be faithfully reconstructed? To answer this question one needs to identify and implement the cognitive functions and linguistic design patterns that are involved. The validity of the proposed implementation can be tested by reconstructing an existing natural language system and seeing how closely the performance of a simulated language user resembles the performance of a human language user in a reconstruction experiment.
2. How can one agent acquire the language system used by another agent? This involves the implementation of the diagnostics and repairs to acquire a language system through interactions. This might already include some form of alignment, especially if it is required the learning the semantic entities that are part of the system. The adequacy of the proposed implementation can be tested in an acquisition experiment, in which a learner needs to acquire a predefined language system used by a tutor agent. The more the learner achieves the communicative success of two tutor agents, the more adequate the proposed implementation is.
3. How can a population of agents self-organize a language system based on one strategy? This includes all learning and alignment operators required for the acquisition of a language system, but additionally requires some repairs and diagnostics to expand the a language system when needed. The performance can be verified in a formation experiment in which a population of agents needs to self-organize successfully their own language system.
Hue Strategy
The main challenge of the Color Naming Game is that it requires the agents to structure a continuous domain, i.c. color, to a discrete number of color categories. Color categories form regions in a color space which is itself an example of a conceptual space (Gärdenfors, 2004) . We use the CIE 1967 L * a * b * (CIELAB) space because it is designed to be equidistant, meaning that it faithfully represents the different colors as experienced by human subjects. In this space, the L* dimension represents lightness, the a* dimension approximately redness-greenness and the b* dimension approximately yellowness-blueness. In the hue strategy, the full 3-dimensional color space is used, so the term hue strategy is somewhat misleading because hue and brightness are used.
The color categories are represented by a single point in the internal color space of an agent. This approach is based on observations in psychological studies that have shown that color categories are prototypical in nature (Rosch, 1973) . One particular color sample, the prototype, is considered to be the best example of a certain category. The similarity between the prototype of a color category and the color of an object in the shared context is computed by an exponentially decaying function of the distance between two colors (Shepard, 1987) . The employed similarity function is shown in Equation 1, where d(i, j) is the Euclidean distance between two points in the color space. 1
The lexicon is represented as a bi-directional associative memory as in the previous chapter on the Grounded Naming Game (Steels & Loetzsch, 2012) . The meanings are in this case color prototypes and the forms are words.
The steps needed in language processing can then be summarized as follows:
1. In production, the speaker chooses the color category of which the prototype is most similar to the color of the topic and utters the term that is associated with that color category.
2. In interpretation, the hearer retrieves the color category that is associated with that term and points to the object in the context whose color is the most similar to the prototype of that category.
Let us now look at the three kinds of experiments introduced earlier: for reconstruction, acquisition and formation.
Reconstruction of a hue-based system
The reconstruction of a hue color system is fairly straightforward since many studies have determined the exact prototypes of the basic color categories in a wide range of languages, such as English (Sturges & Whitfield, 1995) , Spanish (Lillo et al., 2007) or Russian (Safuanova & Korzh, 2007) . The World Color Survey has reported on the prototypes of 110 preindustrial societies (Kay et al., 2010) . To reconstruct such a system, it suffices to convert the reported prototypes to the CIELAB color space. 2 To test the validity of the model, we have run a naming benchmark involving the consensus chips (the chips that are consistently named by human subjects) for English. The simulated language user has a predefined language system based on the prototypes reported in the same study (Sturges & Whitfield, 1995) . The benchmark reaches 83% success, as shown in Table 2 . This result suggests that, although capable of describing more than three quarters of the consensus chips correctly, the proposed implementation based on the nearest neighbor classification algorithm would still have to be refined to capture human color categorization, however this is already quite sufficient for the present purposes. 
Acquisition of a hue-based system
We can now move on to the next challenge: what diagnostics and repairs would be required to allow one agent to acquire the language system used by another agent? A first learning operator allows hearers to adopt new color categories:
Hearer does not know the color term
• Diagnostic: The hearer does not know the color term n.
• Repair: The hearer signals failure and the speaker points to T . The hearer creates a new color category based on the color of T and associates it with the term n. Creating a new color category means that a new prototype is stored in memory (initially equal to T which thus acts as the first seed).
This repair strategy alone is not sufficient to allow a learner to acquire the language system of the tutor, as the learner can only base itself on the colors in the context and these will rarely be the exact prototype the tutor has in mind. This is why we need in addition an alignment operator for the color categories that are used by the agents. It is implemented by shifting the prototype of the category used in the direction of the color of the topic. The rate at which this shift happens is controlled by the alignment rate (r a ), which linearly specifies the new location of the prototype (c n+1 ) on the line segment between the old location of the prototype (c n ) and the topic (t). This operation is illustrated in Figure 2 . In the experiments reported in this Chapter, the alignment rate is set to 0.05. A lower alignment rate will increase the number of interactions that are needed before alignment is reached. A higher rate decreases the level of coherency that is reached. The exact formula is shown in Equation 2. Note that at this point the terms associated with a prototype are not changed in the lexicon only the prototypes themselves. Figure 2 . Illustration of the alignment rate. Before the game, the prototype of the category was at (2,3). The color of the topic sample was located at (6,5). Given that the interaction was successful and the alignment rate is 0.75, the location of the prototype will become (5,4.5).
We can now verify whether the proposed learning operators are adequate to allow an agent to acquire the color system based by another agent in an acquisition experiment. The language system of the tutor is based on English centroids, and the contexts consist of three randomly chosen Munsell chips. The dynamics of an acquisition experiment are illustrated in Figure 3 . The learner quickly acquires the 11 categories known to the tutor, and their communicative success reaches a level that is almost as high as that of the baseline. The acquired language system becomes more and more similar to the predefined system over time, as indicated by the decreasing interpretation variance which measures the coherence between the color categories known to the tutor and those known to the learner, based on comparing the prototypes associated with the same word. The exact definition of this measure is provided in Appendix A of this chapter.
Formation of a hue-based system
The implementation of the Hue Strategy that has been discussed so far misses one key ingredient to allow a population of agents to self-organize its own language system, namely a repair strategy that allows an agent to expand the color language system when needed. We use a second repair action to improve expressive adequacy:
Speaker can not discriminate color of topic
• Diagnostic: The color category that is most similar to the color of the topic T is not discriminative as the color of another object in the context is more similar to that color category.
• Repair: In 0.5% of the reported problems, the speaker invents a new color category that is based on the color of the topic T and associates a newly invented color term n with it.
Is the proposed model sufficient to allow a population of agents can selforganize a color language system from scratch? We have conducted a formation experiment to find this out. In this experiment, contexts consist of three randomly chosen Munsell chips, but with a minimal difference of 50 distance units in the CIELAB color space. The resulting semiotic dynamics are illustrated in Figure  4 (a). It shows that the proposed strategy is sufficient to allow a population of agents to form and align a stable color category system. The interpretation variance decreases over time, and although alignment is not perfect, the categories are sufficiently aligned to support successful communication in the constrained environment. Figure 3 . Dynamics of an example acquisition experiment in which the learner acquires a color system of the tutor using the adoption and alignment operator. After 500 interactions, the communicative success of the tutor-learner interactions is as high as in the baseline interactions. The decreasing interpretation variance indicates that the acquired language system becomes increasingly similar to the target language system. The impact of alignment can also be studied more clearly now. Figure 5 shows the prototypes of all categories known to all agents in a population of 10 agents after playing 1500 interactions per agent. In the experiment without alignment ( Figure  5(a) ) the color categories are scattered more or less randomly in the color space, whereas alignment results in color categories that are clustered around certain areas of the color space ( Figure 5(b) ). Figure 4 . The Hue Strategy allows a population of agents (in this case 10) to selforganize a color lexicon from scratch (a). The graph shows how steady high communicative success is reached with a lexicon of about 15 color words. The evolution of a typical lexicon in a smaller population (5 agents), is shown in (b) after 400 (top) and 1200 (bottom) games per agent. Each row represents the lexicon of one agent.
Brightness Strategy
The Brightness Strategy is similar to the Hue Strategy, in the sense that the same concept formation mechanism is used (namely categorization based on prototypes and shifting a prototype in alignment, and lexicon formation by adjusting scores in bi-directional memory). The only difference is the feature space used by the concept formation mechanism. Instead of taking all three dimensions into account, only the lightness (L*) dimension is used. Lightness is the brightness of an object relative to the brightness of a reference white (Fairchild, 1998) , which in this experiment is considered to be constant.
(a) (b) Figure 5 . Overview of the prototypes of resulting color categories of a complete population (10 agents), without (a) and with (b) alignment, projected on the hue plane. Without alignment, the categories are scattered more or less randomly over the color space. With alignment, the color categories cluster around certain regions of the color space.
In the case of category formation, only the L* value of the topic is considered relevant, and the hue dimensions (a* and b*) are ignored. In alignment, the prototype of the used color category is shifted on the L* axis towards the L* value of the topic.
Figure 6(a) shows that this strategy also works to allow a population of agents to self-organize and coordinate a color lexicon from scratch. The resulting color lexicon now consists of different shades of gray, since they contain no hue information (see Fig. 6(b) for the evolution of a typical lexicon).
Graded Membership Strategy
Most languages allow their users to mark how well a particular color sample is 'prototypical'. In English this is achieved through the adverb "very" and the modifying "-ish" suffix, for instance in expressions like "very blue" or "greenish". In other languages, such as Tarahumara, which is an indigenous language spoken in the North of Mexico, expressing prototypicality is obligatory (Burgress et al., 1983). This language has a system of modifiers that distinguishes three levels of membership: "-kame" which could be translated as "very", "-name" which could be glossed as "somewhat" and "-nanti" for the lowest degree of membership. An example of how this system is used in Turahumara with the color category red: "Sitá-" is shown in Figure 7 (Burgress et al., 1983) . The Graded Membership Strategy can be used both for hue and brightness-based color category systems. The graded membership markers modify a color category, which itself is a basic color category.
In order to conceptualize graded membership, agents need a cognitive function that will determine the level of membership of a particular color sample compared to the prototype. This function has been operationalized as follows. While performing Figures 2b through 2d , we infer that sitakame can be glossed "very red," sitname canan be glossed "somewhat red," and sitananti can be glossed "only slightly red." The distributional analysis is consistent with an independent morphological analysis: sitakame = sita-("red") + -ka (augmentative) + -ame (participle); sitaname = sita-("red") + -na (diminutive) + -ame (participle); sitananti = sita-("red") + -na (diminutive) + -ame (participle) + -ti ("approximate"). Each of these modifiers is also used for other purposes in Tarahumara; for further grammatical background, see Burgess (in press). By Berlin and Kay's (1969:6) criteria, sita-would be a basic color term but the modified forms would not, because their meaning can be predicted from their constituent morphemes. the categorization based on the basic color categories, the similarity of each color in the context to the most similar known category is stored in the memory of the agent. The membership categories operate on these values and are implemented as prototype-based categories which have a prototypical similarity value. Since the similarity between colors is defined as an exponentially decaying function, the membership categories define a spherical region around the prototypes of the basic color categories. A schematic representation of the resulting semantics is shown in Figure 8 . We have used the Fluid Construction Grammar formalism (Steels, 2011) to implement the more complex linguistic processing needed in this example. The marking of graded membership is done using a morphological marker either precedeing or following the color category. Details of this implementation fall outside the scope of the present paper. Figure 8 . Schematic representation of the semantics of the graded membership strategy. The categorization based on the basic color categories results in a Voronoi tessellation of the conceptual color space. Each membership category (marked in a different shade of gray) defines a fixed range starting from the prototype of the category. The dark gray areas could for example correspond to "very", the light gray area to "somewhat" and the white areas to "slightly".
The meanings of these modifiers can be inferred by their distribution on the color array. From the modifier distributions in

Tarahumara color modifiers
We can now summarize the following procedure for the Graded Membership Strategy:
1. In production, the speaker chooses the color category CC s of which the prototype is most similar to the color of the topic and determines the membership category MC s of which the prototypical similarity value is most akin to the similarity between that category and the topic. The speaker forms an utterance which is a combination of the associated with CC s and MC s .
2. In interpretation, the hearer retrieves the color category CC h and the membership category MC h that are associated with the terms. The hearer selects all objects that would be categorized as CC h , computes the similarities between each object in the context and that category and points to the object in the context of which the similarity value is most akin to the similarity value of MC h .
Reconstruction of a graded membership system
As precise studies on the Graded Membership Strategy for color are still lacking, the reconstruction of an existing language system based on this strategy is not as easy as for basic color terms. We can however still approximate the categories that are involved. The language that we will reconstruct is Tarahumara. The prototypes of its color categories are determined based on the data reported in the World Color Survey (Kay et al., 2010) . In this survey, informants were asked to indicate the prototype of each category in a series of Munsell chips. The chip that was indicated by the highest number of informants is chosen to be the prototype of the category. The resulting color category system is shown in Figure 9 . The prototypical values of the membership categories can not be based on literature and hence have to be estimated. Here they have been chosen in such a way that each one covers a reasonable number of total color chips (560 for "-kame", 1445 for "-name" and 643 for "-nanti" in total). These are provided in Table 3 .
Rosá
Chó Sitá Siyó Sawaró Figure 9 . The basic color categories for Tarahumara, based on data from the World Color Survey (Kay et al., 2010) . From left to right (including the corresponding Munsell notation): "Rosá" (7.5R 9 2), "Chó" (5.0R 2 8), "Sitá" (5.0R 5 14), "Siyó" (2.5BG 4 8) and "Sawaró" (5.0YR 7 14).
membership category similarity value "-kame" 0.2 "-name" 0.02 "-nanti" 0.002 Table 3 . Membership categories for Tarahumara estimated in such a way that each of them covers a reasonable number of total color chips. The higher the prototypical similarity value, the more similar the color category and the color sample have to be.
To evaluate the reconstructed system, we can now run a naming benchmark in which a simulated language user equipped with the Tarahumara language system names all Munsell chips. Figure 10 shows the chips that are named using the "Sitá" root. The results are qualitatively similar to the reported use of graded membership categories as shown in Figure 7 . 
Acquisition of a graded membership system
We move on to the next challenge: what diagnostics and repairs would be required to allow one agent to acquire the membership categories used by another agent? As previous sections have shown how basic color categories can be acquired, we focus only on the acquisition of membership categories and use a model for the acquisition of membership categories that is similar to the one for color categories.
Hearer does not know a term that is used together with a known color term
• Diagnostic: The hearer does not know the term n, but does know the color category CC h associated with the known term.
• Repair: The hearer signals failure and the speaker points to T . The hearer learns a new membership category based on the similarity value of the color of T and CC h and associates the new membership category with the term n.
As the acquisition of a new membership category is based on one interaction, further alignment is needed to ensure that their prototypical similarity values become more alike over time. This is modeled in a similar way as the alignment for the basic color categories, but instead of updating the prototype of the color category the prototypical similarity values of the membership categories are updated. This is modeled through lineraly shifting the prototypical membership value to the current situation (for this experiment set to 0.05).
• After each interaction, the agent updates the prototypical similarity value of the membership category MC by shifting it towards the similarity between the topic T and the used color category CC.
The performance of the acquisition operators is now tested in an acquisition experiment in which a learner needs to acquire the membership categories from a tutor agent. In this experiment, the learner needs to acquire the membership categories used by the tutor which is based on Tarahuma (provided in Table 3 ), assuming that the set of basic color categories is already known by the learner, using the mechanisms described in the previous sections.
Contexts consist of five randomly chosen Munsell chips. The semiotic dynamics of an acquisition experiment are illustrated in Figure 11 . In order to measure how well the learned membership categories resemble those of the target language system, an additional measure is provided. The membership category variance is defined similarly to the interpretation variance, but instead of the prototypes of associated categories, the prototypical similarity values are compared.
We see that over time, the language system that is acquired by the learner becomes increasingly similar to the target system, as indicated by the decrease in the variance measure. The higher the similarity between the two systems, the more the communicative success of the learning agent approaches communicative success of two agents sharing the predefined language system. This experiment illustrates that the acquisition operators are adequate to learn the graded membership categories given an established basic color system.
Formation of a graded membership system
The implementation of the Graded Membership Strategy that has been discussed so far again misses a key ingredient to allow a population of agents to self-organize Figure 11 . Semiotic dynamics of an acquisition experiment for the graded membership strategy. As the membership categories acquired by the learner become more similar to those of the target language system, the communicative success of the learner becomes as high as the communicative success of two agents sharing the same set of membership categories.
its own system of membership categories from scratch: a repair strategy that allow speakers to expand the existing system of membership categories. We will use a strategy that increases the expressive adequacy of the system when needed:
2. Speaker can not discriminate color of topic
• Diagnostic: The combination of the color category CC s that is most similar to the color of the topic T and the membership category MC s that reflects the similarity of T to CC s best, is not discriminative as the color of another object in the context is more similar to the combination of CC s and MC s .
• Repair: In 0.5% of the reported problems, the speaker invents a new memberschip category category that is based on the similarity of topic T to CC s and associates a newly invented term n with it.
Is this additional diagnostic and repair sufficient to allow a population of agents to self-organize a system of membership categories from scratch? We run an experiment to find out. All agents are initialized with the same set of basic color categories, which is based on the Tarahumara color system. The contexts consist of five randomly drawn Munsell chips for which the similarity values differ at least 0.2 if they belong to the same basic color category. The agents reach a high level of communicative success, indicating that they successfully self-organized a language system. The additional constraint on the contexts ensures that a graded membership system of 5 categories is sufficient for perfect communication.
Linguistic Selection of Strategies
So far, we looked at three different color language strategies in isolation and convincingly seen that agents can autonomously self-organize their own language system, assuming they all share the same language strategy. This assumption is of course unwarranted as different languages deploy different strategies or shift from one strategy to another. So the next question is how a population of agents can align on what strategy to use if they can use more than one. We will see in this section, that linguistic selection and self-organization can also operate on the level of language strategies as suggested in the introductory chapter to this volume (Steels, 2012) .
Selective Advantages
Each strategy performs differently depending on the environmental conditions in which they are deployed. By manipulating these conditions, it is possible to determine the niche in which each strategy is expected to be thriving or conversely in which it is expected to perform poorly. Agents cannot compare the performance of strategies directly. They can only experience the performance of instantiated language systems that are based on a strategy.
In a first study, we compare the selective criteria for the Hue Strategy and the Graded Membership Strategy based on the reconstructed language systems for English and Tarahumara as previously described. The environmental conditions are controlled by a single parameter which determines the number of colors in one context. The resulting communicative success is shown in Figure 4 .1. In each environment, the Tarahumara system has a higher level of communicative success even though it has less categories (5 color categories and 3 membership categories) than the English system (11 color categories). This study reveals that Graded Membership Strategy has a selective advantage as it achieves more expressive power (higher communicative success) at less cognitive effort (less categories). This study does not explore other selective criteria like learnability which is expected to be harder for the Graded Membership Strategy as agents would need to learn the color cat- egories and the membership categories at the same time once such a system is in place.
We discuss the outcome of one more study in which we compare the performance of three different strategies: the Brightness, the Hue and the Unique Hue Strategy, in which only the two hue dimensions (a * and b * ) are taken into account. The performance of each strategy is measured in terms of expected communicative success given that the agents share a predefined lexicon of 11 color categories, which in this experiment is based on Spanish (Lillo et al., 2007) . The environmental conditions are controlled by a parameter that determines the ratio of two type of contexts which each consist of four color chips: one in which all chips are of different brightness but of same hue, and the other in which all chips are of different hue but of same brightness. The results of this study are presented in Figure 4 .1. In the conditions in which there are almost no contexts in which the brightness is constant, Figure 14 . The baseline communicative success of three different strategies in different environments plotted againts the ratio of contexts in which the brightness is constant and hue is variable, revealing the niches in which each strategy is expected to thrive.
the Brightness Strategy outperforms all other strategies. As the number of constant brightness and variable hue contexts increases, the Hue Strategy becomes the most successful. The Unique Hue Strategy has its niche in the condition in which none of the contexts is of constant hue. This study clearly shows that depending on the environmental conditions, different strategies may be more successful than others.
Strategy Competition
We have operationalized the linguistic selection of strategies in the following way. Each strategy is reified, in the sense that it is an object represented as such in the memory of the agents. A strategy has a score which reflects its 'fitness'. The strategy fitness is the average communicative success of the words and meanings that were built or used with this strategy over a given time window. The meanings, words or grammatical constructions are tagged with the strategy that has been used to invent or learn them. For example, if a word 'dull" is acquired with the brightness-based strategy, it is tagged with that strategy. The same word may be tagged with different strategies because a learning agent does not know which strategy has been used by the speaker with a particular word and hence may have to make different hypotheses.
In speaking, agents handle a communicative problem with the solution stored in their language system that had most success in the past and this solution implies a particular strategy. When the problem cannot be handled, the speaker has to expand his set of meanings and his lexicon and he prefers the default strategy, i.e. the strategy that had most success in the past. It is only when this strategy does not work that other alternative strategies are tried out in decreasing order of fitness.
In listening, the hearer first applies his own stored solution to interpret the utterance, which again implies the use of the language strategy associated with this solution. When the hearer is confronted with an unknown word or with a situation in which his interpretation of the word does not work for the present context (because apparently the speaker used another strategy for the word), he uses first his own default strategy to figure out the meaning of the unknown word, and, if that does not work, he tries out alternative strategies, again in the order of decreasing fitness.
We only show the outcome of one of our experiments to study the rich and complex dynamics that result from these behaviors. Agents have both a strategy based on brightness+hue (as in section 3.1) and a strategy based on brightness only (as in section 3.2). The set of prototypes is kept fixed to the focal colors underlying the Spanish color system (Lillo et al., 2007) . What is not fixed is the strategy agents should use. For example, the word 'morado' (purple) can both be interpreted in the full color space (brightness+hue) or in the brightness space.
Two kinds of phenomena have been observed. In the first case, a single strategy becomes clearly dominant in the population. This could either be the Brightness or the Brightness+Hue strategy, depending on small fluctuations in the early stages (Figure 15(a) ). But we have also observed situations where one strategy becomes dominant first (for example, the Brightness Strategy) to be overtaken later by another strategy (i.c. the Brightness+Hue Strategy) (Figure 15(b) ). The two strategies continue to co-exist in this case. Brightness is still used in circumstances where this gives a higher chance of communicative success, for example when color chips are close in hue but distinct in brightness or when there is a word which has most of its success in the brightness dimension. Figure 15 . In (a) the Brightness Strategy becomes entirely dominant and is used significantly more, whereas in (b) one strategy overtakes the dominant one which is reflected in the respective use of each strategy.
Conclusion
Populations of agents can self-organize a language system when they are endowed with a common language strategy. We have put forward concrete implementations for three different language strategies starting from empirical observations reported in the literature: one for basic color terms (for terms like 'green' and 'blue'), one for brightness terms (such as 'light') and one for graded membership (as in 'very green'). Bleys (2010) reports on how other language strategies, including basic modification (e.g. 'light blue') and compounding (as in 'blue-green') can be modeled. A later chapter (Wellens & Loetzsch, 2012) explores how words that start out as identifying a class of objects (for example "brick" or "orange") can become specialized for only hue or brightness.
Language strategies can only compete with each other through the use of the language systems that they enable their users to build. Strategies that lead to the construction of language systems with higher communicative success undergo positive selection, and are thus used even more in the future. We have compared the selective advantages of each of the proposed strategies and have shown that this selectionist process can be orchestrated by having the agents keep track of which strategy they used for the building and interpretation of a particular word as well as the long term communicative success of each strategy (its fitness). We have shown that this dynamics allows a population to settle on a dominant default strategy although there is not necessarily a winner-take-all situation (Figures 15(a) and 15(b) ).
The actual strategy coherence (SC( f )) of a term reflects the chances that two agents will prefer the same strategy for that term in an interaction. It is based on the distribution of agents over the different strategies ([s i ...s n ]). The same function is used to determine the worst-case coherence (SC wc ), but then using the worst-case distribution in which the number of agents preferring a certain strategy is evenly distributed over all available strategies. For example, in a population of 10 agents and 2 available strategies, 5 agents will prefer one strategy and the 5 other agents will prefer the other. 
SC( f ) =
